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The pair prodution of harmed mesons in the
photon-photon interation.
A.V. Berezhnoy, V.V. Kiselev, A.K.Likhoded
Abstrat
In the framework of the onstituent quark model the exlusive pair pro-
dution of the harmed mesons in the photon-photon interation is alulated.
The omparison of these preditions with the ones of the heavy quark ee-
tive theory is performed. It is shown, that the light valene quark of D-meson
plays the essential role not only in the hadronization proess, but also in the
prodution of the heavy -quark. Moreover, it is shown, that beause of the
strong interation between the initial photon eld and the light quark harge
the similar situation is kept even in the limit mQ → ∞ , whene it is on-
luded, that the appliation of the heavy quark eetive theory in the ase of
the photon-photon interation is not valid beause it does not take into aount
one of the dominant mehanisms of the heavy meson prodution.
Introdution
Reent years the big volume of work devoted to the experimental study of the photon-
photon interations, in partiular, to the study of the photoni prodution of the
harmed partiles was arried out at the aelerator LEP. In this onnetion, and
also in onnetion with prospets for onstrution of the largest e+e−-ollider TESLA
(DESY) there is a neessity of the detailed disussion of the photon-photon intera-
tion mehanisms at large energies. In the given work we shall onsider some questions
onerning the photoni prodution of heavy quarks, namely, we shall disuss fea-
tures of the exlusive and the inlusive harmed meson pair prodution and estimate
its ontribution into the total ross setion of the harm prodution. In the frame
work of the onstituent quark model (CQM) we shall show, that the light valene
quark inside D-meson plays the essential role not only in the hardonization proess,
but also in the hard prodution of the heavy quark. Beause of strong interation of
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the photoni eld with the light quark harge the similar situation is kept even in a
limit mQ →∞.
It is worth to notie, that for the exlusive pair prodution of the harmed meson
in the e+e−-annihilation CQM and the heavy quark eetive theory (HQET) give
the same predition for mQ →∞. Nevertheless at the onventional values of masses
of the light and heavy quarks the results of CQM for the e+e−-interations strongly
dier from the results of the HQET.
1 The pair prodution of the harmed mesons in the
e+e−-annihilation.
We begin our artile with the disussion of the heavy meson prodution in the e+e−-
annihilation, beause it is the most simple proess, and beause it is onsidered in
detail in the literature.
The work[1℄ presents one of the rst attempts to formulate the HQET for the
ase of the D-meson prodution in the e+e−-annihilation. The neglet of spin-spin
interation between the heavy and light quarks, whih is suppressed as 1/mQ, has
allowed to obtain the interesting ratio for the pair prodution of D and D∗-meson
near the threshold (see the Appendix):
σDD¯ : σDD¯∗+D∗D¯ : σD∗D¯∗ = 1 : 4 : 7 (1)
More detailed analysis of the exlusiveDD¯-pair prodution in the e+e−-interation
on the basis of the CQM, was arried out in work [2℄. It is worth to remind, that
CQM is based on the assumptions, that in the partoni distributions of the nal
meson there are the valene quark ontributions, and that both valene quarks are
produed in the hard proess followed by the fusion of these quarks into the meson.
The analytial expressions for the exlusive meson pair prodution look as follows
[2℄:
σ(e+e− → (Qq¯)P (Q¯q)P ) =
pi3α2s(4m
2
q)α
2
em
374m6q
m2Q
M2
f 4P (1− v2)v3×
×
{
3eQ
(
2mq
mQ
− 1 + v2
)
− 3eq
[
2− (1− v2)mq
mQ
]
m3qαs(m
2
Q)
m3Qαs(4m
2
q)
}2
, (2)
σ(e+e− → (Qq¯)P (Q¯q)V ) =
pi3α2s(4m
2
q)α
2
em
374m6q
m2Q
M2
f 2Pf
2
V (1−v2)v3
[
3eQ + 3eq
m3qαs(m
2
Q)
m3Qαs(4m
2
q)
]2
,
(3)
2
σ(e+e− → (Qq¯)V (Q¯q)V ) =
pi3α2s(4m
2
q)α
2
em
374m6q
f 4V (1− v2)v3
[
3eQ − 3eq
m3qαs(m
2
Q)
m3Qαs(4m
2
q)
]2
×
×
[
3(1− v2) + (1 + v2)(1− a)2 + a
2
2
(1− v2)(1− 3v2)
]
, (4)
where mq and mQ are masses of the light and heavy quarks orrespondingly; fP
and fV are leptoni oupling onstants for the pseudosalar and vetor meson states
orrespondingly; M = mq+mQ; v =
√
1− 4M2/s; and the parameter a is expressed
by the formula:
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At mQ →∞ the ratio of the ross setions on the threshold looks like:
σPP : σPV : σV V = 1 : 4
f 2V
f 2P
: 7
f 4V
f 4P
. (5)
Thus if one neglets the dierene between the values of fV and fP , then(5)
oinides with(1).
The heavy quark eetive theory predits the ratio whih at a threshold also
oinides with (1):
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tion has the following form:
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The four Feynmann diagrams of O(α2sα
2
em) order ontribute to the ross setions
(2), (3), (4) (see Fig.1) . These diagrams an be separated into two gauge invariant
pairs. The rst pair (two top diagrams of Fig.1) orresponds to the interation of
the virtual photon with the heavy quark and is proportional to the heavy quark
harge squared. The value of αs for this diagram pair is alulated at the sale of
4m2q , beause the gluoni propagator ouples with the two light quarks. The seond
3
Figure 1: The diagrams of the meson prodution in the e+e−-annihilation.
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diagram pair (the two bottom diagrams of the Fig. 1) orresponds to the interation
of virtual photon with the light quark and is proportional to the light quark harge.
For these diagrams αs is alulated at the sale 4m
2
Q. It is lear, that this ontribution
is suppressed by the fator m2q/m
2
Q due to the gluoni propagator oupled with the
pair of heavy quarks.
One an see from (2), (3), (4) , that at mQ → ∞ it is possible to neglet the
interation of the light quark with the initial virtual photon. It is neessary to
note, that the ontribution of that interation is small already for the masses of
onstituents of the D-meson (for present alulations the following values of masses
were hosen: mc = 1.8 GeV and mq = 0.2 GeV). However, the spin-spin interation
at these values of masses plays the essential role and brakes the ratio (1):
σDD¯ : σDD¯∗+D∗D¯ : σD∗D¯∗ ≈ 1 : 8 : 14.
So, the DD¯-pair prodution in the e+e−-annihilation ours as follows: a pair of
heavy quarks is produed in a hard proess, and then these quarks are hadronized
by means of interation with the light quark sea. It is worth to remind, that in the
inlusive prodution of D-mesons in the e+e−-annihilation, where the fragmentation
mehanism an be applied[3℄ , the c-quarks are hadronized by the same manner.
Thus, the role of light quark in the hard proess of the c-quark prodution in the
e+e−-annihilation is insigniant. On the ontrary, in the photon-photon prodution
the light quark role is essential as will be shown bellow.
2 The exlusive DD¯-pair prodution in the photon-
photon interation
In the framework of the CQM the photoni exlusive prodution of two harmed
mesons is desribed by twenty Feynmann tree level diagrams (see the Fig. 2), whih
an be separated into three gauge invariant groups. The rst of them orresponds to
a ase when the heavy quark radiate the gluon whih splits into a pair of light quarks
(diagrams 1-6 of the Fig. 2). The ontribution of this group is proportional to the
square of the heavy quark harge. In the seond group of diagrams (the diagram
7-12), on the ontrary, the heavy quark prodution ours by means of the splitting
of the gluon whih is radiated by the light quark. These diagrams are proportional
to the square of the light quark harge and suppressed by the fator m2q/m
2
Q due to
the gluoni propagator whih is proportional to 1/m2Q.
In the third group of diagrams (the diagram of 13-20 Fig. 2) eah pair of quarks is
onneted to its own γ-quantum. Our alulations show, that the interation of the
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Figure 2: The diagrams of the photoni prodution of two heavy mesons.
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light quark with the initial photon eld desribed by these diagrams is not suppressed
and plays the essential role in the exlusive pair prodution of the harmed meson in
the photon-photon interation. This interation leads to the disrepany between the
preditions of HQET and CQM, whih is not negligible even at mQ →∞. Moreover,
the interation of the light onstituent quark with the initial photon is so large, that
HQET an not be applied in this ase.
Nevertheless, if one puts the light quark harge equal to zero in our alulations
(this ase orresponds to the rejetion of the diagrams of the seond and third groups,
i.e. 7-20 of Fig. 2) then the onformity between CQM and HQET is restored. Thus,
at zero harge of the light quark and mQ → ∞ we have reeived on the threshold
the following ratio:
σPP : σPV : σV V = 1 : 0 : 3, (6)
predited in the work[4℄, where the approah [1℄ is applied to the ase of photoni
prodution (see Appendix). If the light quark harge is dier from zero then its
interation with the photoni eld beomes essential for the DD¯-pair prodution.
Moreover, our alulation show, that mQ →∞ and 2mQ/s→ 1 lead to σV V /σPP →
∞. It means that the mehanism of the exlusive prodution based on the prodution
of the heavy quark pair followed by their hadronization appears not valid. As it
is shown in the work [5℄, suh approah is not valid in the ase of the inlusive
prodution too.
In the Fig. 3 we present the exlusive ross setions of the photoni pair
prodution of the harmed mesons σPP (open irles), σPV (open triangles), σV V
(open squares) alulated by us in the framework of the CQM as a funtion of
∆ =
√
s−√sth with the following values of parameters:
mc = 1.5 GeV;
mq = 0.3 GeV;
αs = 0.3.
As well as in the ase of prodution in the e+e−-annihilation, the ross setions
σPP , σPV and σV V are proportional to f
4
P , f
2
Pf
2
V and f
4
V , aordingly.
The values of fP and fV estimated in the frame work of the sum rules, as well as
in the frame work of the lattie alulations are about fP ∼ fV ∼ 200 − 300 MeV.
However, the absolute normalization of the ross setions in our model depends not
only on these onstants, but also on the light quark mass. The variation of the light
quark mass an result in the hange of the ross setion normalization.
On the other hand, we an normalize the values of fP and fV on the base of the
fragmentation probability c→ D∗ in the e+e−-interation at large energies (W (c→
7
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Figure 3: The exlusive ross setion of the photoni pair prodution of the harged
harmed mesons σPP (the open irles), σPV (the open triangles), σV V (the open
squares) as a funtion of ∆ =
√
s−√sth. The blak markers show the same depen-
denes at a zero harge of the light quark.
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D∗) = 0.22). Thus the values of mq and fP,V appear orrelated to eah other, that
allows to minimize the ross setion unertainty within 2-2.5. However, with suh
normalization the onstant fP,V appears overestimated at all reasonable values of
the light quark mass. We believe, that this overestimate of the onstant fP,V is
due to the aount for the ontribution of the exited state deays, for example, of
D∗∗ → D∗ +X . In the exlusive prodution suh situation should not be observed.
Thus, the question of the absolute normalization for the exlusive hannels remains
open and the values in Fig.3 should be onsidered as the top limit of the ross
setion. For all onlusions onneted to the relative yield of D-mesons the disussed
irumstanes are not essential.
Let us notie, that near the threshold ∆ ≈ |k|2/M , where |k| is the module
of three-momentum of the nal meson in the enter-of-mass frame of the harmed
meson pair. The twie logarithmi sale of the piture reveals, that the ross setion
depends on ∆ near the threshold as:
σV V , σPP ∼ ∆1/2 ∼ |k|,
σPV ∼ ∆3/2 ∼ |k|3.
The point is that in the γγ-interation the DD¯- and D∗D¯∗-pairs are produed
in S-wave state (L=0), and DD¯∗-pairs are produed in P-wave state (L=1). It is
known, that near the threshold the behavior of reations with two partiles in the
nal state submits to the law:
σ ∼ |k|2L+1. (7)
The diagrams of Fig.2 whih desribes the proesses γγ → DD¯, γγ → D∗D¯∗,
γγ → DD¯∗ are written at the quark level and the "twisting" of the nal mesons into
the neessary wave ours automatially. Hene, the observable behavior of the ross
setions near threshold is the additional onrmation of the alulation orretness.
It is apparent from Fig. 3, that the HQET ratio (6) is broken. Our alulations
show, that near the threshold
σPP : σPV : σV V ≈ 1 : 0 : 13.4.
It is interesting to onsider the ase when the interation of the light quark with
the initial photon an be negleted i.e. when the eletri harge of the light quark is
put equal to zero. The blak markers in Fig. 3 show the results of the alulations
of the harmed meson pair prodution ross setions at a zero light quark harge.
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One an see, that near the threshold the ratio σPP : σPV : σV V is pratially the
same as predited by (6). It is interesting to mention, that the ontribution from the
interation between the photon and the light quark an be positive (the ase ofD∗D¯∗-
pair prodution), as well as negative (the ase of DD¯ or D∗D¯ -pair prodution). Let
us note also, that ontribution of this interation has the minimal absolute value for
the D∗D¯ -pair prodution, i.e. when the mesons are formed in the P -wave state.
The extremely essential role of the light quark in the harmed meson prodution
an be understood from the dierene between the prodution of neutral mesons
and the harged ones. This dierene an be learly seen in Fig. 4, where the
∆-dependene of the neutral meson ross setion (the blak markers) is shown in
omparison with the same dependene for harged mesons (the open ones). For
example, near the threshold for the harged mesons σD+D− : σD+∗D−∗ ≈ 1 : 13.4 in
the ontrary to σD0D¯0 : σD0∗D¯0∗ ≈ 1 : 2.7 for the neutral ones.
It is neessary to note, that the least dierene between the harged and neutral
meson prodution is observed for the prodution of DD¯∗-pairs i.e. when the mesons
are produed in the P-wave state.
The more striking dierenes an be observed between the neutral and harged
B-meson prodution. In Fig. 5 the prodution ross setion of the neutral B-meson
is given as a funtion of ∆ =
√
s−√sth for mb = 5 Gev and mq = 0.2. In the ase
of D-meson prodution the ross setion dependenes on ∆ have the qualitatively
idential form both for the harged partiles and for the neutral ones (see Fig. 4).
For the B-meson prodution it is not so. One an see in Fig. 5, that at ∆ ≈ 0.12
GeV (|k| ≈ 0.8 GeV) the interferential minimum is observed for the prodution of two
harged pseudo-salar mesons B+ and B− and not observed for the pair prodution
of the neutral pseudo-salar mesons B0 and B¯0.
So, for all interation energies it is neessary to take into aount the light quark
ontribution into the photoni prodution of heavy mesons. The models whih are
not taking into aount this ontribution an not be applied even for the qualitative
desription of the onsidered proess. It is lear from the analysis of the photoni
pair prodution of the heavy mesons, that the naive ideas whih transferred from the
e+e−-annihilation appear not valid. For the proesses γγ → DD¯ and γγ → BB¯ the
role of light quarks appears essential both in the soft proess of the hadronization and
in the hard pair prodution of the heavy quarks. Unfortunately, the experimental
data on the heavy meson pair prodution near threshold do not exist yet. Suh data
ould throw light on the dynamis of prodution of mesons with the heavy quarks.
10
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Figure 4: The exlusive ross setion of the photoni pair prodution for the harged
harmed mesons σPP (open irles), σPV (open triangles), σV V (open squares) as
funtion of ∆ in omparison with the same dependenes for the neutral mesons
(blak markers).
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Figure 5: The photoni prodution of the harged B-mesons (blak markers) and
the neutral ones (open markers) as a funtion of ∆.
12
3 The inlusive heavy meson prodution in the photon-
photon interation
As it was already mentioned, the exlusive heavy meson prodution data would
allow to ompare the preditions of various models, however the opportunities of
experiment in this diretion of researhes are strongly limited. For today the majority
of measurements are made for the inlusive D-meson prodution. To desribe this
proess a number of the alulations is arried out in the framework of NLO QCD for
the massive -quarks [7℄, as well as for -quarks [8℄. These alulations result in the
satisfatory desription of the data, however, the use of the fragmentation mehanism
result in spei preditions for the relative yield of harged and neutral mesons. In
these models the D∗-yield does not depend on the meson type: σD∗0 = σD∗+ .
Let us onsider now the predition of our model for the inlusive heavy meson
prodution ross setion. The diagrams we need are analogous to the ones of Fig.
2. The only dierene is that the seond pair of heavy and light quarks is not fused
in the meson. Thus we take into aount the resonant part of the spetrum for one
quark pair and the ontinuum for another. To alulate the inlusive prodution
ross setion we use the values of parameters whih desribes the photoprodution
of the D∗-mesons on the aelerator HERA [5℄, as well as in our alulation of the
exlusive harmed meson prodution. To estimate the inlusive prodution ross
setion we shall take into aount the otet ontribution whih is absent in the
exlusive prodution. In the ase of the photoni inlusive prodution of D-mesons
the otet ontribution diers from the singlet one only in the general oeient. If
one use the parameters, from [5℄, then the otet ontribution amounts 16% of the
total ross setion of the D-meson prodution.
One an see from Fig. 6 that our preditions for the inlusive prodution desribe
L3 experiment data in the order of magnitude (open irles). As our alulations
show, the nonzero light quark harge results in the value of ratio σD∗+/σD∗0 dier
from unit. This is valid for the inlusive prodution too: our alulations show,
that the inlusive D∗0-meson yield approximately twie surpasses the yield of the
D∗+-meson, while the fragmentation model predits σD∗+/σD∗0 = 1.
At energies larger than 15 GeV (the range where cq¯-pair produed mainly at large
invariant masses) the total ross setion alulated in our model begins to derease
and underestimate the experimental data. In this energy range it is not enough to
onsider the resonant ontribution (open triangles), and it is neessary to take into
aount the ontribution of ontinuum (open squares). To alulate the ontribution
of the ontinuum we do not fuse now the light quarks with the c-quarks: γγ → cc¯qq¯.
In the oneption of struture funtions the onsidered mehanism means the aount
13
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Figure 6: The harm prodution ross setion γγ → cc¯ + X (open irles) in om-
parison with the L3 Collaboration experimental data[6℄.
of the hadroni strutures of the photon. Our approah allow to take into aount
only a part of the photon struture. That is why we underestimate the prodution
ross setion, and the additional part of the photon struture funtion is neessary
to total value of the ross setion. We expet for the ontribution of ontinuum,
that the yields of the harged mesons and neutral ones should be idential. Thus the
ratio σD∗+/σD∗0 ould serve as a good indiation of the prodution mehanism. The
alulations whih have been arried out in the works [7, 8℄ show that the use of the
total struture funtion allows to desribe experimental data well.
Conlusion
In the framework of CQM we have analysed the exlusive prodution of the heavy
mesons in the γγ-ollisions near the threshold, as well as the inlusive heavy meson
prodution at high energies. Near the threshold we have alulated the relative
ontribution of the dierent meson pairs and have found out that the alulation
results essentially depends on the eletri harge of the light onstituent quark. For
zero eletri harge of the light quark we obtain, that the prodution proess looks
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like the heavy quark prodution followed hadronization aording to HQET. At the
real values of harges the strong deviation from the preditions of the HQET takes
plae. Thus, our analysis of the photon-photon prodution of the heavy meson pairs
shows, that the naive oneption whih is transferred from the e+e−-annihilation
appear not valid. In the proesses γγ → DD¯ and γγ → BB¯ the role of the light
quarks is essential both in the soft hadronization proess and in the hard proess of
the heavy quark pair prodution. Unfortunately, in the framework of our model it
is impossible to use the same values of onstants fP and fV to alulate both the
exlusive hannel and the inlusive one. The use of the values of fP and fV , whih
desribes proess γp → D∗ + X , leads to the large overestimate of the prodution
ross setion near the threshold. We suppose, that suh overestimation takes plae
beause the values fP and fV eetively aount for the ontributions from the deays
of the exited states, for example, from the deay D∗∗ → D∗ +X . So, these values
an not be applied to the ase of the exlusive meson prodution. Nevertheless, our
model gives reasonable estimation of the relative ontributions into the ross setion
of the dierent heavy meson pairs (D0D¯0, D0∗D¯0, D¯0D0∗, D0∗D¯0∗, D+D−, D+D¯−∗,
D−D+∗, D+∗D−∗), as well as reasonable preditions of the dependene of the ross
setion on the interation energy and the shape of the dierential distributions.
Also in the framework of the CQM we alulated the ross setion of the inlusive
harmed meson prodution in the photon-photon interation. The ross setion
predition of the inlusive prodution alulated in the frame work of CQM is in
aordane with the experiment data at low energies of the γγ-interations if one
hoose the parameter values whih desribes the proess γp→ D∗+X at HERA [5℄.
It is not unexpeted for us beause the ontribution of the low γg-interation energies
is the most essential for the D∗-meson photoprodution at the aelerator HERA .
The ontinuum ontribution should inrease as a funtion of the interation energy.
Thus at large energies the harater of the alulations should be the same, as in the
works [7, 8℄, whih explain the ross setion inreasing for the proess γγ → cc¯ with
the help of the aount for the ontribution of the light onstituents in the initial
photon struture.
The work is supported in part by the grants of RFBR 99-02-6558 and 00-15-
96645, the grant of the Eduation Ministry of Russian Federation E00-33-062 and
the grant CRDF MO-001-0.
Appendix
In the given appendix we show how to derive the ratio σPP : σPV : σV V near the
threshold for the heavy meson prodution in the e+e−-annihilation, as well as in the
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γγ - interation in the approah of the heavy quark eetive theory.
Let us aept the following designations:
Q+(−) (Q¯+(−)) is the wave funtion of the heavy quark (antiquark) with the spin
projetion +1/2(−1/2) on the hosen axis;
q+(−) ( q¯+(−)) is the wave funtions of the light quark (antiquark).
In the framework of HQET the heavy quarks are produed in the e+e−-annihilation
the by means of the virtual photon deay, so, these quarks are in JP = 1− state.
The spin part of the wave funtion of suh state an be expressed through the spinor
wave funtions of the quarks as follows:
ΨˆQQ¯ = (Ψ
+1
QQ¯,Ψ
0
QQ¯,Ψ
−1
QQ¯) = (Q+Q¯+,
Q+Q¯− +Q−Q¯+√
2
, Q−Q¯−).
Thus the light quarks should be in the 0+-state. This state an be obtained in
the P-wave as follows:
ψqq¯ = (n−1Ψ
+1
qq¯ + n0Ψ
0
qq¯ + n+1Ψ
−1
qq¯ )/
√
3,
where nˆ is the orbital part of the wave funtion of the light quark pair, and Ψˆqq¯ is
the spin part of the one:
Ψˆqq¯ = (Ψ
+1
qq¯ ,Ψ
0
qq¯,Ψ
−1
qq¯ ) = (q+q¯+,
q+q¯− + q−q¯+√
2
, q−q¯−).
So, the total wave funtion looks like follows:
Ψˆ = ΨˆQQ¯ · (n−1Ψ+1qq¯ + n0Ψ0qq¯ + n+1Ψ−1qq¯ )/
√
3. (8)
The right part of equation (8) inludes the produts of the spinor wave funtions
of the quarks Q+(−)q¯+(−) and Q¯+(−)q+(−), whih an be expressed through the spin
funtions of the nal mesons:
P =
Q+q¯− −Q−q¯+√
2
, (9)
where P is the wave funtion of the pseudosalar meson;
V+1 = Q+q¯+, (10)
V0 =
Q+q¯− +Q−q¯+√
2
, (11)
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V−1 = Q−q¯−, (12)
where P and V are the wave funtions of the pseudosalar and vetor mesons, or-
respondingly.
One an onlude from (9) and (11) that
Q+q¯− =
V0 + P√
2
, (13)
Q−q¯+ =
V0 − P√
2
. (14)
From the equations (10,12,13,14) the following expressions for the omponents of
the total wave funtion (8) an be derived :
Ψ+1 =
1
2
√
3
(
n+1PP¯ + {n+1P V¯0 + n+1V0P¯ + n0P V¯+1 + n0V+1P¯}+
+ [n+1V0V¯0 + n0V0V¯+1 + n0V+1V¯0 + 2n−1V+1V¯+1]
)
, (15)
Ψ0 =
1
2
√
3
(
−n0PP¯ + {n+1P V¯−1 + n+1V−1P¯ − n−1P V¯+1 − n−1V+1P¯}+
+[n+1V0V¯−1+n+1V−1V¯0+n0V0V¯0+n0V+1V¯−1+n0V−1V¯+1+n−1V+1V¯0+n−1V0V¯+1]
)
,
(16)
Ψ−1 =
1
2
√
3
(
n−1PP¯ − {n−1P V¯0 + n−1V0P¯ + n0P V¯−1 + n0V−1P¯}+
+ [n−1V0V¯0 + n0V0V¯−1 + n0V−1V¯0 + 2n+1V−1V¯−1]
)
. (17)
As we believe, that the spins of the heavy quark and the light quark do not
interat with eah other and with the orbital moment, the all term in the right
part of the equations (15,16,17) give the idential ontributions to the square of the
total wave funtion Ψˆ . The result (5) beomes obvious, beause all these terms are
orthogonal to eah other.
In the ase of γγ-interations two initial photons an be in the following states:
0+, 0−, 2+. And the 0+-state an be produed in the S-wave only. Sine at the
threshold survive ontributions of the state with a minimal wave number (see (7)),
we shall onsider 0+. Suh state an be made of two pseudo-salar funtions:
ΨQQ¯ =
Q+Q¯− −Q−Q¯+√
2
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and
Ψqq¯ =
q+q¯− − q−q¯+√
2
by the following manner:
Ψ = ΨQQ¯ ·Ψqq¯. (18)
Using (10,12,13,14) to transform the equation (18), we obtain:
Ψ =
1
2
(−PP¯ + V0V¯0 − V−1V¯+1 − V+1V¯−1),
whene the ratio for the photoni prodution near the threshold follows:
σPP : σPV : σV V = 1 : 0 : 3
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